Abstract Combining multi-channel seismic reflection and gravity modeling, this study has investigated the crustal structure of the northwestern South China Sea margin. These data constrain a hyper-extended crustal area bounded by basin-bounding faults corresponding to an aborted rift below the Xisha Trough with a subparallel fossil ridge in the adjacent Northwest Sub-basin. The thinnest crust is located in the Xisha Trough, where it is remnant lower crust with a thickness of less than 3 km. Gravity modeling also revealed a hyper-extended crust across the Xisha Trough. The postrift magmatism is well developed and more active in the Xisha Trough and farther southeast than on the northwestern continental margin of the South China Sea; and the magmatic intrusion/extrusion was relatively active during the rifting of Xisha Trough and the Northwest Sub-basin. A narrow continent-ocean transition zone with a width of 65 km bounded seaward by a volcanic buried seamount is characterized by crustal thinning, rift depression, low gravity anomaly and the termination of the break-up unconformity seismic reflection. The aborted rift near the continental margin means that there may be no obvious detachment fault like that in the Iberia-Newfoundland type margin. The symmetric rift, extreme hyper-extended continental crust and hotter mantle materials indicate that continental crust underwent stretching phase (pure-shear deformation), thinning phase and breakup followed by onset of seafloor spreading and the mantle-lithosphere may break up before crustal-necking in the northwestern South China Sea margin.
Introduction
The Rifted margins are usually classified into magma-poor margins (or nonvolcanic margins) and volcanic margins. Magma-poor margins such as the Iberia and Newfoundland conjugated margins are characterized by tilted fault blocks with seaward dipping faults, serpentinized peridotite ridges, and very limited magmatism during rifting, whereas volcanic margins like the NE-Greenland and Vøring conjugated margins are characterized by seaward dipping reflectors (SDRs) resulting from subaerial lava flow and a high velocity layer (HVL) below the lower crust related to magma underplating [e.g., Dean et al., 2000; Hopkinson et al., 2004; Praeg et al., 2005; Geoffroy, 2005; P erez-Gussiny e et al., 2006] . Two extension mechanisms were proposed during the 1970s to interpret the formation of the rifted margins [Sengor and Burke, 1978] . Passive rifting on the continental margin is induced by lithosphere extension driven by plate tectonics, whereas active rifting results from a hotter than normal mantle (or mantle plume) [Geoffroy, 2005] . Subsequent simple kinematic models were developed to describe the evolution of passive margins such as pure shear, simple shear, delamination or depth-dependent extension [McKenzie, 1978; Wernicke, 1981 Wernicke, , 1985 Le Pichon and Sibuet, 1981; Hellinger and Sclater, 1983; Lister et al., 1986; Keen and Dehler, 1993] . However, it seems that a single model cannot explain the spatial variations along the conjugated margins of the South China Sea (SCS) .
The northern margin is the only well preserved passive margin in the South China Sea (SCS), where it is a subduction zone (Manila Trench) to the east, strike-slip faults to the west and a compression environment to the south [Tapponnier et al., 1982 [Tapponnier et al., , 1986 Huchon et al., 2001; Leloup et al., 2001; Morley, 2002; Clift et al., 2008] (Figure 1 ). In the northern margin of the SCS, there are similar characteristics as magma-poor margins, such as obvious crustal thinning across the whole margin, step-wisely decreasing Moho depth from the continental shelf to the oceanic domain, and basin-bounding faults that cut through the upper crust basement and probably penetrate into the lower crust [Huang et al., 2005; Hu et al., 2009; Gao et al., 2015] . Moreover, a high velocity layer (HVL) with limited distribution has been revealed by reflection and refraction seismic data and gravity modeling [Nissen et al., 1995a [Nissen et al., , 1995b Yan et al., 2001; Huang et al., 2005; Wang et al., 2006; Hao et al., 2008 Hao et al., , 2011 Sun et al., 2009; Wei et al., 2011; Ding et al., 2012; McIntosh et al., 2014; Gao et al., 2015] . However, whether this margin is one of the two end member margins (magma-poor or volcanic margin) [Nissen et al., 1995a; Yan et al., 2001; Wang et al., 2006; Wei et al., 2011; Ding et al., 2012] or an intermediary form Franke et al., 2011; Zhu et al., 2012a; Gao et al., 2015] is still enigmatic.
At the western end of the northern margin of the SCS, the nature of the crust has been very controversial ( Figure 2) . Nissen et al. [1995a] interpreted a high velocity layer (HVL) with a velocity of 7.0-7.5 km/s and a thickness of 2.0-7.6 km beneath the lower crust in the northwestern margin based on two-ship expanding spread profiles (ESP) (supporting information Figure S1b ). However, west of this ESP profile, Qiu et al. [2001] used ocean-bottom hydrophones (OBH) deployed in 1996 across the Xisha Trough to find a crustal thinning from 25 km to 13 km without HVL (supporting information Figure S1c ). East of the ESP profile, Ding et al. [2012] and Wu et al. [2012] also found there is no HVL beneath the lower crust according to the OBS2006-1 velocity profile across the western portion of the Pearl River Mouth Basin (PRMB), the Northwest Sub-basin, the Zhongsha Islands (Macclesfield Bank) and extending to the East Sub-basin (supporting information Figure S1a) . Interestingly, recent studies based on the seismic profiles and gravity modeling show that there is Figure 1 . Regional tectonic map of the South China Sea (modified from Sun et al. [2009] ). The top left inset shows the tectonic setting of the SCS (modified from L€ udmann and Wong [1999] ). COT is the continent-ocean transition zone delineated by previous studies (purple dashed-dotted line ; dashed black line [Zhu et al., 2012b] ). ASRRSZ: Ailao Shan-Red River Shear Zone.
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about 2-4 km thick HVL beneath the lower crust in the Qiongdongnan Basin (QDNB) Zhao et al., 2013] .
In addition, the characteristics of the Continent-Ocean Transition zone (COT) at the different margins will provide a key clue in understanding the rifting and early spreading. The COT at the northern margin of the SCS is different from those at magma-poor margins or volcanic margins proposed by Tucholke et al. [2007] [Zhu et al., 2012a; Gao et al., 2015] . Using OBS/OBH data, Wang et al. [2006] delineated an extent of COT characterized by volcanoes and igneous rocks in the upper/middle crust, a HVL with a P-wave velocity of 7-7.5 km/s at the base of the crust and crustal thinning seaward whereas as well, using the multichannel seismic profiles, Zhu et al. [2012a Zhu et al. [ , 2012b also found a COT boundary interpreted by shallow structures including rift-depression, the volcanic zone and a seaward tilted fault blocks (Figure 1 ). The two domains of the COT mismatch obviously in the northeastern, mid-northern and northwestern margin, but a recent study shows that the COT domain delineated by Wang et al. [2006] seems more plausible in the northern margin of the SCS [Gao et al., 2015] . However, both the domains cannot clarify where the COT extends in the northwestern margin of the SCS.
Based on the newly released high-resolution multichannel seismic reflection profiles (MCS) and well data from the PRMB and the QDNB, this study focuses on the deformational structures of the COT at the northwestern margin, the aborted rift below the Xisha Trough and the Northwest Sub-basin of the SCS. Gravity modeling was used to validate the interpretations of the MCS profiles and to compare with other gravity modeling in the similar region. The underlying motivation of this study is twofold: (1) to clarify the extent of the COT at the northwest margin of the SCS, and (2) to discuss the rifting mechanisms of the SCS through the characteristics of the Xisha Trough and its adjacent Northwest Sub-basin to provide new thoughts about the opening of rifted margins.
Geological Setting
As one of the largest marginal seas of the western Pacific, the SCS has a passive margin in the north and is bounded on the west by the Ailao Shan-Red River Shear Zone (ASRRSZ). It is bounded on the east by the Geochemistry, Geophysics, Geosystems
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Manila Trench and on the northeast by the Taiwan orogeny (Figure 1 ). It is believed that the seafloor spreading of the SCS terminated for the eastward subduction of the East Sub-basin at the Manila Trench and the collision of southern passive margin with the Borneo in the southern Philippines Arfai et al., 2011; Lester et al., 2014] .
The SCS region has undergone a transition from Mesozoic deformation derived from the subduction of the Paleo-Pacific plate to late Cretaceous or Cenozoic rifting and subsequent opening [Hinz and Schl€ uter, 1985; Holloway, 1982; Lee and Watkins, 1998; Taylor and Hayes, 1983] . The timing of seafloor spreading of the SCS is controversial [e.g., Hayes, 1980, 1983; Briais et al., 1993; Yao et al., 1994; Hsu et al., 2004; Li and Song, 2012; Barckhausen et al., 2014 Barckhausen et al., , 2013 Chang et al., 2015] , but it is currently cited by many researchers to start from 32 Ma to 15.5 Ma, and the latest results from IODP expedition 349 also further refined the seafloor spreading ages of the SCS [Expedition 349 Scientists, 2014; Li et al., 2014; Koppers and Expedition 349 Scientists, 2014; Li et al., 2015] . The seafloor spreading of the East Sub-basin occurred from 33 Ma to 15.5 Ma, and the Southwest Sub-basin started opening at 23.6 Ma and ceased at 16 Ma [Li et al., , 2015 . Corresponding to the opening sequences of the sub-basins, a ridge jump to south was proposed to occur at 25 Ma [Barckhausen and Roeser, 2004; Barckhausen et al., 2014] , or from 24 Ma to 21 Ma .
The northwestern SCS margin lies in a special position, where it is in the western end of the northern passive margin [Zhao et al., 2013] , but it is also affected by the extrusion and rotation of the Indochina Block along the ASRRSZ due to the India-Asian collision during the Cenozoic Era [Tapponnier et al., 1982; Lee and Lawver, 1994; Leloup et al., 2001; Morley, 2002] (Figures 1 and 2 ). The Yinggehai Basin (YGHB), lying at the southeastern termination of the ASRRSZ, with steep faults paralleling the Red River Fault, was formed by the strike-slip motion along the ASRRSZ which resulted from clockwise rotation of the Indochina Block [e.g., Rangin et al., 1995; Jolivet et al., 1999; Sun et al., 2003 Sun et al., , 2004 Clift and Sun, 2006; Zhu et al., 2009; Lei et al., 2015] . In contrast, the QDNB, which is located at the western end of the rifted northern margin of the SCS and between the YGHB and PRMB, was formed by the continental extension and rifting due to the interaction of the India-Asian collision [Morley, 2002; Tapponnier et al., 1986] , the Mesozoic Proto South China Sea slab-pull [Hall, 1996; Morley, 2002; Taylor and Hayes, 1983] and the terminated or retreated subduction of the Paleo-Pacific plate eastward [e.g., Zhou and Li, 2000; Zhou et al., 2006; Li and Li, 2007; Shi and Li, 2012; Li et al., 2015] . However, recent study shows that the structures in the west QDNB, where they are influenced by simple shear probably controlled by the strike-slip movement of the ASRRSZ, are different from structures in the east which are dominated by pure shear induced by Cenozoic rifting [Zhao et al., 2014] . Therefore, the northwestern margin of the SCS plays an important but poorly understood role in the tectonic evolution of the northern SCS margin.
Located in the northwest SCS and between Hainan Island and Xisha (Paracel) Islands and with a length of several hundred kilometers, Xisha Trough is considered as an aborted rift associated with the rifting and seafloor spreading of the SCS [He et al., 1980; Chen and Chen, 1982; Taylor and Hayes, 1983; Qiu et al., 2001; Shi et al., 2002] (Figure 2 ). Moreover, Yao et al. [1994] proposed that the Xisha Trough was a paleo-suture during the Indo-Chinese Epoch (from Triassic period to Early Jurassic period) and that a rift subsequently developed along this early suture when the SCS area was in the extension environment during the Cenozoic Era. However, Qiu et al. [2001] found that there is little difference in the deep crustal structures across the Xisha Trough based on analysis of OBH data. Although still controversial in the details, the Xisha Trough generally represents an aborted rift.
Our region of interest is located on the northwest margin of the SCS. It includes the western end of the PRMB (Northern Fault Terrace, NFT; Zhu III Depression, Zhu III D; Shenhu-Ansha Rise, SHASR; Zhu II Depression, Zhu II D; and Southern Rise, SR), the eastern head of the QDNB (Baodao High, BDH; and Changchang Sag, CCS) and the Northwest Sub-basin (Figure 2 ). It corresponds to the rifting of Xisha Trough area and the opening of the Northwest Sub-basin of the SCS, but it is little affected by the strike-slip movement of the ASRRSZ. This region is critical to understanding the relationship between the aborted rift and Northwest Sub-basin and provides an ideal place to recognize and discuss the early rifting of the SCS.
Magmatism in the northern margin of the SCS occurred from Paleocene to Quaternary [Yan et al., 2006] analysis and the drilling holes, Zhang et al. [2014] divided the Cenozoic magmatism in the northwest SCS region into three stages: Oligocene-early Miocene (seafloor spreading), middle-late Miocene (early postspreading) and Pliocene-Quaternary (late postspreading). The late postspreading magmatism was the most intense and has the widest distribution extent.
According to well data, reflection features and seismic facies, eight primary regional seismic reflectors (T20 to Tg) have been identified, and these divide the Cenozoic stratigraphic sequence into eight seismic sequences [Wu et al., 2009a; Yuan et al., 2009] (Figure 3) . As a regional unconformity, Reflector T60 divided the entire strata into syn-rift and postrift sequences [Wang et al., 1998; Wei et al., 2001] . Corresponding to the tectonic evolution, the sedimentary environment in the northwestern margin of the SCS varied gradually from terrestrial to marine.
Data and Methods
The multichannel seismic (MCS) profiles used in this study, which recorded up to 10-12 s (two-way travel time, hereafter TWT), were released by the China National Offshore Oil Corporation (CNOOC). In addition, some single channel seismic profiles with record lengths of 5 s to 8 s (TWT) were also used to mark the landward structures where the MCS lines do not reach. Details of the seismic processing flow were not available to our study. All the data were interpreted with Geoframe 4.4.
The seismic reflection profiles were converted from time to depth in order to perform the 2D gravity modeling. A power function (i.e., D5a*t b 1c) was previously used successfully to estimate the thickness of the crust on the mid-northern margin of the SCS Hu et al., 2009; Chen, 2013] ; both cubic and quadratic polynomial functions under-or over-estimated the converted depths. Based on one of the few deep wells in the Changchang Sag of the QDNB, Wang et al. [2013] obtained a time-depth relationship of power function (D5996.57*t 1.3398 ) through fitting the time-depth data from well CC26-1-1. This power function was also used by Qiu et al. [2013] and Zhao et al. [2013] in their similar gravity modeling. Therefore, we also adopted this time-depth relationship to convert the sedimentary layers to depth. As well, we used an average velocity of 6.45 km/s proposed by Christensen and Mooney [1995] to estimate the thickness of the crust. The seismic refraction data across the northwestern margin of the SCS will provide references to constrain the Moho depth for few seismic reflection constraints on crustal thickness.
The latest satellite gravity data were determined from the 1-arc-minute grid global marine gravity derived from the CryoSat-2 and Jason-1 satellites, which is two times more accurate than previous data [Sandwell et al., 2014] . These data will be used to perform 2-D gravity modeling along the seismic reflection profiles (L1, L3, L4 and L5) to validate the nature of the deep structures. Based on detailed interpretations of the depth-converted profiles, a simple four-layer crustal model was developed to approximate the crustal structure including sea water, sediments, crust and upper mantle. The Cenozoic sediments contain rifting and postrifting layers and the crust can be divided into continental and oceanic crust. Each layer was assigned to a homogenous density in the starting gravity model which was similar to previous studies [e.g., Franke et al., 2011; McIntosh et al., 2014; Gao et al., 2015] . Similar to previous investigations performed in the SCS [e.g., Kido et al., 2001; Trung et al., 2004; Tsai et al., 2004; Braitenberg et al., 2006; Hao et al., 2008 Hao et al., , 2011 Franke et al., 2011; Qiu et al., 2013; Zhao et al., 2013; Gao et al., 2015] , the initial densities are shown in Table 1 . In this study, gravity modeling was just to derive a general description of the crustal structures along the seismic profiles across the northwestern margin of the SCS. Therefore, this study did not resolve actual Moho discontinuity and did not include a possible high density (high velocity) lower crustal layer. Subsequently, the starting model will be refined in order to get a reasonable fit with the observed gravity.
Crustal Structure on the Northwestern Margin of the South China Sea
Interpretation
In this section, we present five MCS profiles which go across the western PRMB, Northwest Sub-basin and the eastern QDNB. The profiles show clear reflections of normal faults, geometry of the sags/basins, igneous intrusions and volcanoes, and even the Moho discontinuity. Compared to the northeastern SCS margin with a slope that is hundreds of kilometers, the northwestern margin has a much narrower slope with a width of no more than 100 km.
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Seismic profile L1 crosses the slope and the entire subbasin, and extends to the Zhongsha uplift ( Figure 4 ). Most normal basement faults with the largest offset of 0.5 s (TWT) dip seaward and extend upward to Reflector T60, but a few faults cut off Reflector T30 or T40. The Moho reflection cannot be observed clearly in this profile, but two key features of the northwestern SCS margin are imaged: 1) Over the distance of 100 km to 110 km, there is an aborted rift (Xisha Trough) filled with a thick Cenozoic sediments with a thickness of 3.2 s (TWT) and a width of 15 km, between the distal continental slope and edge of the Northwest Figure 3 . Cenozoic geological column of the Qiongdongnan Basin with seismic reflectors, basin evolution, lithology characteristics, relative changes of sea level, and depositional environments revised from Su et al. [2014] . The relative sea level curve of the Qiongdongnan Basin is modified from Wei et al. [2001] , and the global eustatic curve is from Haq et al. [1987] .
Sub-basin. This aborted rift is bounded by large listric-normal faults which may extend downward to the Moho discontinuity. 2) Southeast of the aborted rift, two buried seamounts derived from magmatic intrusion can be recognized in the Northwest Sub-basin. One seamount close to the aborted rift has deformed Reflector T30, and the other seamount, located at the center of the subbasin, has affected the whole Cenozoic sediment column and most probably represents the fossil ridge. Farther southeast, the Zhongsha uplift was deeply affected by the intense magmatic intrusion/extrusion, leading to development of a reef above the volcanoes. Between the fossil ridge and the Zhongsha uplift, the basement of the subbasin was cut off by normal faults with a small offset.
West of seismic profile L1, seismic profile L2 crosses the shelf, slope and the Northwest Sub-basin ( Figure 5 ). There are several grabens or half-grabens imaged on the profile along the shelf and slope where the sedimentary basement was intensely deformed by normal faults with clear seismic reflections. The aborted rift has been separated from the subbasin by an uplift which has been heavily affected by igneous intrusion/ extrusion. This section also demonstrates two key features which are different from those on seismic profile L1: 1) The aborted rift is bounded by the large listric-normal fault on the NW side and igneous intrusions on the SE side. Moreover, the sedimentary basement of the aborted rift is also affected by the magmatic intrusion whereas the central canyon was formed along this rift. 2) To the southeast, although the Northwest Sub-basin has been also affected by the magmatic intrusions with a width of 40 km, it is bounded by large listric-normal faults on both sides and appears to be a distal rifted basin rather than an oceanic basin.
To the west, seismic profile L3 crosses the slope and the Xisha Trough and shows clear normal faults and the Moho reflectors that help define the geometry of the aborted rift and the relationship between the basin-bounding faults and the Moho discontinuity ( Figure 6 ). A set of seismic reflectors (named R1), characterized by relatively continuous, high-amplitude, low-frequency seismic reflections at times of 8.5-9.5 s (TWT), is recognized as the Moho discontinuity below the continental crust. The aborted rift is bounded by two large listric-normal faults with a sedimentary basement slightly affected by the magmatic intrusion and with the central canyon above the intrusion. Moreover, different from the structures on seismic profile L1, almost all of the listric-normal faults dip landward except for the fault bounding the aborted rift at the distance of 80 km on seismic profile L3. The primary fault located at the SE edge of the aborted rift and with a throw up to 4 s (TWT) is marked by northwest-dipping, fault-plane reflections distinct from the overlying sedimentary seismic reflections. It is noteworthy that this fault extends downward into the lower crust, and even to near the Moho reflector ( Figure 6 ).
Seismic profile L4 crosses the slope and the distal end of the Northwest Sub-basin. Similar to Profile L2, the aborted rift has also been separated from the subbasin or rifted basin by the uplift affected by widespread igneous intrusion/extrusion (Figure 7) . The aborted rift is bounded by large listric-normal fault on the NW side and a volcanic mound on the SE side. The intense igneous activities disrupted the Cenozoic basement of the aborted rift and limited development of the central canyon to the NW side of the volcanic mounds. As well, to the south of the aborted rift, Reflector T70 and T60 in the uplift were penetrated by the magmatic materials whereas more recent sediments onlapped Reflector T60 after Middle Miocene. The westernmost end of the Northwest Sub-basin is more likely interpreted as a rifted basin or an unopened oceanic basin where seafloor spreading did not propagate. This rifted basin shows a graben shape which is bounded by large listric-normal faults on both sides and the sedimentary basement of the basin was displaced by the normal faults with small offsets and slightly affected by the magmatic intrusions. The Moho reflection (R1) is imaged between 8 s and 9 s (TWT) below the continental crust of the slope, but to the southeast it is obscure below the aborted rift, uplift and rifted basin because of the magmatic intrusions.
Farther west, seismic profile L5 clearly illustrates the geometry of the aborted rift without the effects of igneous intrusions associated with the Xisha Trough (Figure 8 ). This rift geometry is similar to that imaged on seismic profile L1 but it has more structural details. The whole rift with a width of 100 km is symmetric and consists of several basement faulted blocks bounded by large listric-normal faults. All of the large listric-normal faults at the northwest edge of this rift dip seaward, cut off the Reflector T70 or T60 and finally Geochemistry, Geophysics, Geosystems
terminate at Reflector T50. Similarly, secondary faults with small offsets are well developed on the northwest side and almost all of them also dip seaward. These faults frequently cut seismic reflections such as Reflector T70 and T60. The outermost large listric-normal fault constitutes the boundary between the slope and the rift. In contrast, almost all of the large listric-normal faults at the southeast edge of this rift dip landward, cut off the Reflector T70 and finally disappear near the Reflector T60. Similarly, secondary faults dipping landward are also well developed on the southeast side. Most of secondary faults cut off Reflector T60 and only a few of them extend upward to Reflector T50. The whole thickness of the Cenozoic sediments in the rift can be up to 5.5 s (TWT) including heavy syn-rift sediments with a thickness of 3.8 s (TWT) in the center of the rift (Changchang Sag), which means that the thickness of the Cenozoic sediments may exceed 10,000 m in the Changchang Sag of the QDNB. In addition, the Moho discontinuity also can be clearly recognized as a set of relatively continuous, high-amplitude, low-frequency seismic reflections (R1) between 8 s and 10 s (TWT) on seismic profile L5. Almost all of large listric-normal faults extend downward to this set of seismic reflectors (R1). Notably, the thickness of the continental crust is only 0.3 s (TWT) between the Geochemistry, Geophysics, Geosystems
sedimentary basement and the Moho discontinuity in the center of the rift. Given an average velocity of 6.45 km/s, the thickness of the continental crust in the rift is only about 1 km which indicates that the continental crust below the rift has been extremely hyper-extended.
Gravity and Magnetic Anomalies
The marine free-air gravity anomaly data extracted from Sandwell et al. [2014] (Figure 9a) show two prominent positive gravity anomaly regions along the northern South China Sea One elongated positive gravity anomaly, the so-called ''edge-effect'' anomaly, is subparallel to northern SCS margin with its maximum above the shelf break; the anomaly broadens to the northwest, in the region around the Dongsha Islands (DS in Figure 9aThe other positive gravity anomaly region is located in the SCS basin, in water depths greater than 3000 m, where the amplitude can reach up to 50 mGal and even more above seamounts. In addition, a prominent elongated negative gravity anomaly trends subparallel to the ''edge-effect,'' especially in the Xisha Trough. In contrast, a ''patchy'' positive gravity anomaly pattern with a low amplitude background is observed in the region of the Xisha and Zhongsha uplifts; these probably correspond to igneous intrusions/extrusions. Li et al. [2008] divided the South China Sea basin into several magnetic zones according to total field magnetic anomalies (Figure 9b ). Zone A with east-to west-striking, small wavelength magnetic anomalies and zone B showing no clear magnetic lineations are separated by the Luzon-Ryukyu Transform Plate Boundary (LRTPB) [Sibuet et al., 2002; Li et al., 2008] . Based on MCS data, previous studies show that massive igneous intrusions/extrusions are found in zone B [Sibuet et al., 2002; Tsai et al., 2004; Wang et al., 2006] , where positive gravity anomalies also can be observed. Zone C (C1 and C2) corresponding to the Northwest Sub-basin is bounded to the south by a prominent negative magnetic anomaly (M1) and has east-west striking anomalies but weaker contrasts and longer transverse wavelengths than those in the East Sub-basin . Compared to the northeast-southwest striking offshore South China magnetic anomaly (SCMA) Geochemistry, Geophysics, Geosystems
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with high amplitude and long wavelength along the northeastern SCS margin, relatively low amplitudes and variable wavelengths can be observed in the northwestern SCS, where massive igneous intrusions/ extrusions, some of which are also found on our MCS data, roughly correspond to positive gravity anomalies (Figure 9 ).
Gravity Modeling
Constrained by limited MCS data across the QDNB, some gravity modeling has previously been done without persuasive evidence to divide the crust into upper crust, lower crust and the lower crust high velocity layer . In this paper we created a simple four-layer crustal model including sea water, sediments, crust and upper mantle to help define the crustal structure. As well, the depths of the Moho discontinuity along seismic profiles are constrained by the adjacent seismic refraction data because the Moho reflectors were just imaged partially or could not be recognized clearly in these seismic profiles due to the magmatic intrusion and multiple reflections and the gravity data alone do not provide independent constraints on both density and crustal thickness.
During the gravity modeling along seismic profile L1, densities were assigned to each layer in the initial model. However, the crust and the Cenozoic sediments in the Northwest Sub-basin were strongly affected by buried magmatic seamounts ( Figures 4) ; therefore, the density of the buried magmatic seamounts should be assigned to a separate value distinct from those of the crust and the sediments. According to geochemical data for major elements and some trace elements of the basalts sampled at the seamounts and the islands of previous studies [Tu et al., 1992; Yan et al., 2008; Li et al., 1991] , this study calculated the density of the basalts sampled at adjacent Daimao, Xianbei, Zhangzhong and Zhenbei seamounts using the (Figure 10 ). Generally, we can see these density values largely distributed on both sides of 2.65 g/cm 3 , which we assign as the buried magmatic seamounts in the gravity model. However, these seamounts including the fossil ridge are surrounded by the oceanic crust, and so the density at depth would likely be similar to that of oceanic crust (2.90 g/cm 3 ). We note that the OBS2006-1 refraction profile near MCS profile L1 detected a similar fossil ridge with a P-wave velocity of 5.8-6.8 km/s in the Northwest Sub-basin Ding et al., 2012] . The fossil ridge has two layers including an upper layer with a P-wave velocity of 5.8-6.6 km/s and a lower layer with a P-wave velocity of 6.6-6.8 km/s. The average crustal thickness ratio (H l /H u ) of these two layers is about 1.4. Therefore, we assign a density of 2.65 g/cm 3 to the upper layer and a density of 2.90 g/cm 3 to the lower layer during the gravity modeling based on this average crustal thickness ratio. In the resultant gravity model, the Moho depth has a maximum of 21.9 km beneath the continental slope, and that it gradually shallows to a depth of 12-13 km beneath the oceanic basin ( Figure 11 ). Along nearby profile OBS2006-1, the Moho depth reaches 21-22 km in the slope and 10-12 km in the oceanic basin Wu et al., 2012] , which is consistent with the gravity modeling.
By modifying the Moho depth especially on the SE side of the seismic profile L3 where the Moho reflectors are not seismically well defined, we obtain a good fit to the observed gravity through the gravity modeling ( Figure 12 ). The general trend of the Moho depth in the gravity modeling is largely similar to that in seismic refraction profile ESP-W. Gravity modeling also shows that the aborted rift has the thinnest crust with a thickness of 8 km.
The gravity modeling derived from seismic profile L4 was performed as described for seismic profile L1 except for an oceanic crustal density of 2.9 g/cm 3 assigned to the rift basin at the end of the Northwest Sub-basin ( Figure 13 ). The continental crustal density of this rifted basin indicates that the crust is similar to the aborted rift below the Xisha Trough where the crust has been highly hyper-extended by the regional Geochemistry, Geophysics, Geosystems
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extension during the rifting. Therefore, the rifted basin along seismic profile L4 can be also treated as another aborted rift like that below the Xisha Trough which was created because of the ridge jumping to south during the opening of the SCS. However, the Moho depth in this gravity modeling is much shallower than those in seismic refraction profiles OBH1996 and ESP-W although the general trend of the Moho depth in the gravity modeling is largely similar to them.
The gravity modeling performed along seismic profile L5 is similar to that derived from seismic profile L3 (Figure 14 ). The key feature should be demonstrated is that it presents a fully complete architecture of a rift with a hyper-extended crust (1 km below the Xisha Trough).
In addition, we chose an Airy-Heiskanen model with local compensation adopted by Simpson et al. [1986] , who used this model to give a root geometry of crust (Moho discontinuity) in the conterminous United States, to calculate the isostatic Moho in the northwestern South China Sea. Three parameters were chosen in this model, including the bottom of the root of 30.0 km for sea level elevations, a density contrast across the root of 0. 35 g/cm 3 , and a topographic density of 2.67 g/cm 3 [Simpson et al., 1986] . Results show that the isostatic Moho is generally deeper than the Moho discontinuity determined by OBS/ESP data and the modeled Moho surface of most gravity models, particularly for the gravity model along seismic profile L4 where massive igneous intrusions/extrusions intensely affect the Xisha Trough. However, the variation in Geochemistry, Geophysics, Geosystems isostatic Moho depths generally match the variation in Moho depths determined from the gravity modeling and seismic analyses. The difference in absolute depth is probably due to the uncertainty in determining mantle density (or crust/mantle density contrast).
Discussion
Crustal Thinning
The stretching factor b is usually used to describe the extensional degree of the lithosphere and continental crust [McKenzie, 1978] . The prerift crustal thickness in the SCS generally is assumed to 30 km [Qiu et al., 2001; Shi et al., 2002; Yao et al., 2005; Wu et al., 2009b; Franke et al., 2011; McIntosh et al., 2014; Gao et al., 2015] . Three refraction transects have been performed in the northwestern SCS (Figure 2 and supporting information Figure S1 ). Profile OBH1996, which crossed the ShenhuAnsha Rise (SHASR), Changchang Sag (CCS) and the Xisha uplift showed that the continental crust thinned from more than 25 km beneath the shelf to 8 km below the Xisha Trough [Qiu et al., 2001] , indicating that the stretching factor b ranged from 1.2 to a maximum of 3.75 beneath the aborted rift (Xisha Trough) (supporting information Figure S1c ). But to the east, the crustal thickness along profile ESP-W, which crossed the coast line, the PRMB (including the structural units of NFT, Zhu III D, SHASR, Zhu II D and SR) and the QDNB (including CCS), did not decrease monotonically from the continent to the oceanic basin. Rather, the crustal thickness changes from 28-30 km under the coast line, to 15 km below the Zhu III D, to 21-24 km Figure 10. Distribution of density values at the northwestern South China Sea and adjacent seamounts. Densities are derived from the geochemical data for major elements and some trace elements of the basalts sampled at the seamounts (such as Daimao, Xianbei, Zhangzhong, and Zhenbei) of previous studies [Tu et al., 1992; Yan et al., 2008; Li et al., 1991] using the calculated method proposed by Zhang et al. [2010] . Generally, these density values evenly distribute on both sides of 2.65 g/cm 3 .
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10.1002/2016GC006247 beneath the SHASR, and then to 10-12 km below the Xisha Trough and finally to 22 km under the Xisha uplift [Nissen et al., 1995a] (supporting information Figure S1b ). These values correspond to an approximate stretching factor b varying from 1.0 to 3.0, with which the minimum b is at the coast line whereas the maximum b is below the Xisha Trough. Farther east, profile OBS2006-1, which crossed the Baiyun Sag (BYS), Zhu II D, the Southern Rise (SR), the Northwest Sub-basin and the Zhongsha uplift, revealed that crustal thickness under the continental shelf and slope varied from 19.5-21 km to 10-11.5 km Wu et al., 2012] (supporting information Figure S1a ), which means that the stretching factor b is estimated in a range of 1.4-3.0.
Gravity modeling along seismic profile L1 shows a general trend of seaward crustal thinning from 19.5 km under the continental slope to 2.7 km beneath the aborted rift, indicating that the stretching factor b 5 1.5 -11.1. This gravity model also shows a typical oceanic crust with an average thickness of 7 km and a stretched continental crust with 13.5 km thick below the Zhongsha uplift. According to the gravity modeling along seismic profile L3, the crustal thickness decreased from 23.5 km below the continental slope to 8 km under the aborted rift and then gradually thickened to 13-20 km beneath the Xisha uplift, which means that the stretching factor b changed from 1.3 to 3.75 and then to 1.5. Similar to the refraction profile ESP-W, gravity modeling along seismic profile L4 shows that the crust does not thin monotonically toward the ocean. The crust is 16.8 km thick below the continental slope but reaches a minimum thickness of 4.2 km beneath the aborted rift and then gradually thickens to 11.4 km to the southeast where the crust has been intensely modified by igneous intrusion/extrusion. Moreover, the crust thins to 5 km in the rifted basin at the end of Northwest Sub-basin again and finally becomes thicker (8.7 km) at the edge of the Xisha uplift. Correspondingly, the stretching factor b along the seismic profile L4 changes from 1.8 to 7.1, but reduces to 2.6 and then increases to 6 and decreases to 3.4 again. Farther west, gravity modeling of seismic profile L5 shows the variation of crustal thickness is similar to that of profile OBH1996. An extremely hyperextended prerift continental crust thins sharply from 23 km thick beneath the shelf break to 1 km below the aborted rift, where we estimate a maximum b of 30, indicating that the continental crust beneath the aborted rift has been extremely stretched during the rifting. . Densities of 2.65 g/cm 3 and 2.90 g/cm 3 was assigned to the buried magmatic seamounts.
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Magmatism in the Northwestern South China Sea
Although the OBH1996 and OBS2006-1 profiles did not image the volcanoes or igneous rocks in the northwestern margin of the SCS [Qiu et al., 2001; Ding et al., 2012; Wu et al., 2012] , it does not mean that the magmatic activities have not occurred here. Furthermore, the absolute ages of the igneous rocks in the northwestern SCS are still unclear. Geochemistry, Geophysics, Geosystems
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Along seismic profile L1, the middle Miocene layers (Reflector T40) onlapped the lower Miocene layers (Reflector T50) between two seamounts whereas the upper Miocene layers (Reflector T30) with uniform thickness were deformed or penetrated by the seamounts (Figure 15a ), indicating that the two seamounts were generated originally at 15.5 Ma and with volcanism terminating at 5.5 Ma. In addition, three volcanoes can be recognized on the seismic profile L1 in the Zhongsha uplift area. It appears that these volcanoes have not affected the Neogene sediments except for the lower Miocene layers which are clearly deformed ( Figure 15b) ; therefore, we infer that these volcanoes were probably formed at 15.5 Ma. Furthermore, small scale magmatism which developed in the northwest edge of the aborted rift along seismic profile L3, has intruded through Reflector T60 and deformed the Reflector T50 (Figure 15f ), indicating that the magmatism was also probably occurring at 15.5 Ma.
However, great quantities of igneous intrusions/extrusions imaged on seismic profiles L2 and L4 have affected or penetrated Reflector T70 and/or T60 in the aborted rift, Xisha uplift and rifted basin (the end of the Northwest Sub-basin) (Figures 15c, 15d, 15e, 15g and 15h) . Particularly, it is clear that the Paleogene layers were onlapped by Neogene sediments upon Reflector T60 in the aborted rift and Xisha uplift along the seismic profile L4, indicating that the magmatism was occurring on the rifting stage of the northwestern SCS. In contrast, the magmatic intrusions in the rifted basin at least have deformed Reflector T50 and some of them have penetrated Reflector T30 and disturbed Reflector T20, indicating that the magmatism was active from 15.5 Ma to 2.6 Ma in the rifted basin.
Several exploration wells (e.g., BY7-1-1, PY16-1-1) in the northern SCS revealed that the igneous rock was formed during the rifting of the SCS [Yan et al., 2001] , but more recent studies showed that the large-scale magmatic activities in the northern margin of the SCS were occurred after the cessation of the seafloor spreading of the SCS Yan et al., 2001; Wang et al., 2006; Zhu et al., 2012a Zhu et al., , 2012b Gao et al., 2015] , indicating that magmatism was more active after the late Miocene along the northern margin of the SCS, especially in the northeast.
Moreover, previous studies also suggested that the seamounts derived from magmatic extrusions in the East Sub-basin were formed from 13.8 Ma to 3.49 Ma [Wang et al., 1985; Jin, 1989] . As well, the new results from IODP Expedition 349 revealed that the volcanic seamount along spreading center of the East Sub-basin dated from 13 Ma to 8 Ma [Li et al., 2015] . These results roughly coincide with our observations on the ages of seamounts in the Northwest Sub-basin. Geochemistry, Geophysics, Geosystems
Therefore, the volcanic seamounts were probably emplaced after the cessation of the seafloor spreading in the Northwest Sub-basin; however, the magmatic intrusion/extrusion was relatively active during the rifting of Xisha Trough and the Northwest Sub-basin.
The Continent-Ocean Transition Zone (COT)
As mentioned above, the COT at the northern SCS margin is different from the transition zones in the twoend-member passive margins proposed by Tucholke et al. [2007] . Two different domains of the COT have been proposed by previous studies according to their criteria at the northern margin of the SCS. Wang et al.
[2006] defined a wide COT that involved crustal thinning, depth change of Moho, magmatism and HVL from OBS data, but Zhu et al. [2012b] also delineated a narrow COT based on the shallow structural units from the seismic profiles. Gao et al. [2015] summarized the characteristics of the COT which discussed from previous studies in the northern SCS and on similar passive margins such as eastern Gulf of Aden [e.g., Taylor and Hayes, 1983; Briais et al., 1993; Nissen et al., 1995a; Geochemistry, Geophysics, Geosystems 2016GC006247 et al., 2005 2016GC006247 et al., , 2006 Leroy et al., 2010; Watremez et al., 2011] . They suggested that the extent of the COT delineated by Wang et al. [2006] was more reasonable than that delimitated by Zhu et al. [2012b] in the mid-northern margin of the SCS. However, these studies did not include where the COT disappeared in the northwestern margin of the SCS.
Recently, a new study shows that a narrow COT with 5-10 km wide characterized by oceanic-type features abutting continental-type structures connects the continental and oceanic crust in the northwestern SCS according to the traditional three-geological-domains model of the passive margins [Cameselle et al., 2015] .
In the present study, gravity modeling derived from seismic profile L1 which crosses the end of the Northwest Sub-basin also shows that a narrow COT with a width of 65 km. The COT region is characterized by crustal thinning (from 12.3 km under the slope to 2.7 km in the aborted rift), rift depression, negative gravity anomaly and the termination of the break-up unconformity seismic reflection, and bounded by the volcanic buried seamount at the distance of 130-140 km [Gao et al., 2015] (Figures 4 and 11) . To the southeast, there should be a narrow conjugated COT at the distance of 210-250 km along the seismic profile L1 corresponding to a gravity low from the gravity modeling, but the structures and sediments have been intensely affected by magmatic activities in the Zhongsha uplift which left little evidence to recognize (Figures 4 and 11) . West of seismic profile L1, the structures of seismic profiles L2 and L4 and the gravity modeling along seismic profile L4 show that the Northwest Sub-basin appears to be a rifted basin rather than a typical oceanic basin ( Figures (5 and 7) , and 13). Therefore, although there are some domains characterized by hyper-extended continental crust, rift depressions, obvious magmatism and gravity low, it seems that they cannot belong to the COT on the northern SCS margin because there is no oceanic crust nearby these domains, with the closest oceanic crust being found in the Southwest Sub-basin across the Xisha block which has a crustal thickness of more than 20 km.
Inferred Rifting Processes in the Northwestern Margin of the SCS
Two classical models including the pure-shear model [McKenzie, 1978] and the simple-shear model [Wernicke, 1981] have been used to explain the rifting processes of the conjugated SCS margins in early studies. Ru and Pigott [1986] suggested that three rifting-subsidence episodes including Cretaceous-Middle Paleocene, Late Eocene-Middle Oligocene and Middle Miocene have occurred in the SCS based on the pureshear model and the analysis of depositional characteristics. Similarly, Su et al. [1989] proposed that the SCS suffered two stretching phases through a finite-duration stretching model derived from the pure-shear model [Jarvis and McKenzie, 1980] . However, Zhou et al. [1995] , who interpreted the Cenozoic structural features along the conjugated margins of the SCS, thought that the SCS formation is best described by a simple-shear model [Wernicke, 1981] . Hayes et al. [1995] also interpreted that the basin-bounding faults in the northern margin resulted from the early simple-shear extension. However, Nissen et al. [1995b] found that a single model could not adequately fit the observed crustal thinning, amount of subsidence and heat flow and proposed that the formation of the SCS might result from the interaction of the pure-shear and the simple-shear models. Wu et al. [2005] also proposed that the conjugated margins of the SCS experienced an early simple-shear extension and a late pure-shear extension through interpretation of structures derived from seismic profiles crossing the conjugated margins and adjacent regions.
Franke et al. [2014] suggested that a thinning model proposed by Lavier and Manatschal [2006] should be adopted to illustrate the rifting processes of the SCS where lateral flow of ductile midcrust resulted in a largely symmetric rift during the extension of continental crust. In this model, basin-bounding faults penetrate down to the crust-mantle boundary and cause the rift to become asymmetric during the latest rifting stage. They thus suggested that the rifting processes of the SCS include an early pure-shear extension and a late atypical simple-shear extension. In contrast, Pichot et al. [2014] proposed that the basin-bounding faults rooted in the ductile lower crust which acted as a d ecollement layer.
Based on the tectonic spatial variation of the conjugated margins of the SCS, a differential extension model was proposed by Dong et al. [2014] , who believed that the basin-bounding faults and detachment faults played an important role in controlling the architectures of the conjugated SCS margins. The upper crust above the detachment faults was stretched through simple-shear extension, whereas the lower crust and upper mantle below the detachment fault were stretched by pure-shear extension.
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Our data clearly image significant crustal structural variations of the aborted rift beneath Xisha Trough and the western end of the Northwest Sub-basin which allow us to reinspect rifting processes of the conjugated SCS margins. A largely symmetric aborted rift of Xisha Trough with little interference from magmatic activities, has been imaged on our seismic profiles. Seismic profiles L1, L3 and L5 show that the basin-bounding faults extend down to the crust-mantle boundary. This geometry corresponds to a hyper-extended continental crust beneath the aborted rift, for which the stretching factor b cis at least 3.8 with some regions as high as 10-30 (Figures 4-12 and 14) . Especially for seismic profile L5, the Cenozoic sediments, which reach more than 10 km in thickness, are separated from the upper mantle by a highly thinned continental crust with a thickness of only 1 km (Figures 8 and 14) . Moreover, the Northwest Sub-basin including the rifted basin at the SW end of the subbasin, also has been imaged on seismic profiles L1, L2 and L4 with a largely symmetric form (Figures (4 and 5) , and 7). Therefore, it seems that a pure-shear model is more suitable for explaining the continental extension of the northwestern SCS.
Furthermore, the aborted rift and the rifted basin existing in the northwestern SCS indicate that several rifts might have been simultaneously created by the stretching and thinning of the southeast South China Block during the continental extension ( Figures 5 and 7) , that is, this area may be divided into several microcrustal blocks (e.g., Xisha islands, Zhongsha islands and Liyue bank) formed during rifting and seafloor spreading of the SCS. P eron-Pinvidic and Manatschal [2010] proposed a genetic evolution and related deformation model involving a stretching phase (pure-shear deformation), a thinning phase, an exhumation phase (simple-shear deformation), and breakup followed by onset of seafloor spreading to interpret the multiphase evolution of the southern North Atlantic margins including several rifts that are similar to those observed on the northwestern SCS margin. This model could help us to understand the evolution of the SCS margins. However, additional features are observed on the northwestern SCS, such as the aborted rift, and not all four phases (such as the exhumation phase) are indicated, and so the underlying processes of the rifting in the northwestern SCS need to be discussed.
Two opposite-end-member depth-dependent extension modes in the magma-poor margins have been proposed in the dynamical models of Huismans and Beaumont [2011] . In type I (such as IberiaNewfoundland conjugates in the North Atlantic margins), the crust breaks up before the mantle lithosphere, while in type II (such as Brazilian Espirito Santo-West African North Angolan conjugates in the Central Atlantic margins) (supporting information Figures S2a and S2b) the converse occurs. These are also suitable for interpreting the rifting process of the northwestern SCS margin (Figure 16 ).
In this study, several seismic profiles show that magmatic intrusion/extrusion occurred before 23.5 Ma in the northwestern SCS indicating that the magmatic activities were relatively active during the rifting of Xisha Trough and the Northwest Sub-basin. This also means that the hot materials derived from the asthenosphere were able to break through highly stretched continental crust and invade into the sedimentary layers and even extrude onto the seafloor in some portion of the rift (e.g., Xisha Trough).
Recent studies demonstrated the contribution of the ductile lower crust through the clearly seismic images and OBS data. The lower crust flow was believed to occur on the northwestern SCS during the rifting and initial seafloor spreading of the SCS using the OBS data , which also was mentioned in the study of Lei et al. [2013] and observed on the northeastern margin of the SCS by McIntosh et al. [2014] . Moreover, Savva et al. [2013] also found that a highly thinned lower crust with boudinage shape accommodated the decoupling between extended upper crust and localized exhumation mantle in the Zhongjiannan Basin (Phu Khanh Basin) which was strongly affected by the strike-slip movement of the East Vietnam Fault.
Seismic profile L5 and its related gravity modeling show that a hyper-extended continental crust with a thickness of 1 km and a high stretching factor b of 30 is found beneath the largely symmetric rift of Xisha Trough indicating that it belongs to the lower crust rather than the upper crust (Figures 8 and 14) . That is, the thinning of the lower crust below the aborted rift likely resulted from ductile flow rather than brittle faulting because the highly stretched lower crust beneath the aborted rift extends over a distance of more than 40 km without evidence of faulting.
Previous studies have shown that adequate crustal thickness and heating resulting from magmatic intrusion or addition of water will cause the lower crust to flow [Kruse et al., 1991; McKenzie and Jackson, 2002] . Water is unlikely to be added to the lithosphere in the northwestern SCS because there is no subduction zone here, so the most probable cause of the lower crustal flow is the relatively active intrusion/extrusion activity Geochemistry, Geophysics, Geosystems
during the rifting of the Xisha Trough and Northwest Sub-basin. Termination of the flow was likely due to the necking and cooling [Block and Royden, 1990] . Hence, we prefer to adopt the depth-dependent extension model of type II in which the mantle lithosphere breaks up before the continental crust in the northwestern margins of the SCS. Similar characteristics can also be observed in Labrador-Southwest Greenland conjugate margins and northern Gulf of Aden [Louden and Chian, 1999; Chalmers and Pulvertaft, 2001 . Schematic conceptual sketches of two opposite-end-member depth-dependent extension modes illustrating the evolution of the northwestern SCS (not to scale). Type A represents a simplified Type I proposed by Huismans and Beaumont [2011] showing the evolution of Iberia-Newfoundland conjugates in the North Atlantic margins where the crust breaks up before mantle lithosphere. Type B is an improved Type II proposed by Huismans and Beaumont [2011] illustrating the evolution of the northwestern SCS where mantle lithosphere breakup before continental crust, as proposed for Brazilian Espirito Santo-West African North Angolan conjugated margins in the Central Atlantic margins. In Type B, the mantle lithosphere was heated and weakened by the hot upwelled magmatic material from the asthenosphere prior to breakup. The continental crust underwent a three-phase evolutionary development including a stretching phase (pureshear deformation), a thinning phase and finally breakup followed by onset of seafloor spreading to accommodate the changes of mantle lithosphere.
where a high velocity layer derived from magmatic underplating occurred in the lower crust; however, no convincing evidence supports a mantle plume, even though mantle serpentinization was suggested to play a part [White et al., 2003] .In the SCS region, a small difference from the classic type II model proposed by Huismans and Beaumont [2011] is that hot upwelling material from the asthenosphere heated and weakened the mantle lithosphere and finally resulted in its breakup. Subsequently, the continental crust in the northwestern margin of the SCS experienced a stretching phase (pure-shear deformation), a thinning phase and finally breakup followed by onset of seafloor spreading (Figure 16 ).
Conclusions
1. The MCS data imaged a largely symmetric aborted rift bounded by basin-bounding faults below the Xisha Trough where it is subparallel to the fossil ridge in the Northwest Sub-basin. Gravity modeling derived from seismic profiles shows that the thinnest continental crust is located beneath the Xisha Trough, where there is only remnant lower crust left with a thickness of 1-3 km (stretching factor b510-30).
Sedimentary analysis shows that the postseafloor spreading magmatism is well developed in the Xisha
Trough and its adjacent areas. Buried volcanic seamounts in the Northwest Sub-basin were probably emplaced after the cessation of the seafloor spreading with the final generation of volcanic material occurring after 5.5 Ma. However, the magmatic intrusions/extrusions were relatively active during the rifting of Xisha Trough and the Northwest Sub-basin in this study rather than those results in previous studies. 3. A narrow COT with a width of 65 km is bounded seaward by a buried volcanic seamount at a distance of 130-140 km along seismic profile L1. The crust thins from 12.3 km under the slope to 2.7 km seaward of the COT. Based on seismic profiles L2 and L4 and the gravity modeling, the western end of the Northwest Sub-basin appears to be a rifted basin rather than a typical oceanic basin. And the extended to hyper-extended areas along seismic profiles L2 to L5 should not belong to the COT at the northern margin of the SCS for there is no oceanic crust to abut unless crossing the more than 20 km thick blocks (e.g., Xisha block) and extending to the Southwest Sub-basin. 4. We suggest that an improved depth-dependent extension model proposed by Huismans and Beaumont [2011] in which the mantle lithosphere breaks up before the continental crust should be suitable for the evolution of northwestern SCS margin. The continental crust in the northwestern margins of the SCS underwent a three-phase evolutionary development including a stretching phase (pure-shear deformation), a thinning phase and breakup followed by onset of seafloor spreading. Before the continental extension, the mantle lithosphere was heated and weakened by the hot upwelling magmatic material from the asthenosphere.
